Biomass pre-treatment is a key first step in converting recalcitrant lignocellulosic biomass into value-added products. Aqueous hydroxide solutions can be effective biomass pretreatment media, and the cation of the hydroxide salt can have an extremely significant effect upon the physicochemical behaviour of the hydroxide solution. However, the cation effect has not been comprehensively investigated with respect to biomass pre-treatment.
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Introduction
Lignocellulosic biomass represents a non-edible, sustainable supply of chemical matter which is produced at a rate of ca. 200 billion tons a year 1 , and is primarily composed of cellulose, hemicellulose and lignin, with differing ratios depending on biomass type. Rice husks (or hulls) are an example of lignocellulosic biomass that is also a major agricultural waste product. 2 It comprises ca. 20% of dry weight in harvested rice, and is an especially resistant biomass as it contains 15-24 wt% silica. [3] [4] [5] This makes it chemically resistant (especially to acids 5 ), biochemically resistant 6 and destructive to mechanical equipment. 4 For these reasons it cannot be easily digested by animals 2, 6 and is typically buried as lowdensity landfill or burnt. 7 One goal of lignocellulosic biomass pre-treatment is to overcome the ligninhemicellulose barrier to increase enzyme accessibility to the cellulose, [8] [9] and in the case of rice husks, also to break down the silica shell. A solution that could disrupt the rice husk structure is essential for separation and further utilisation of its components. Strongly alkaline solutions (containing the hydroxide anion) can disrupt the inter-and intralignocellulosic hydrogen bonds present in the biomass, 10 resulting in swelling and potentially even dissolution of the biomass. Hydroxide solutions are also known solvents for silica 11 and have been found to be effective in disrupting the silica layer surrounding rice husks. [4] [5] Alkali metal hydroxides such as sodium hydroxide (Na [OH] ) are widely employed for the swelling of cellulose. [12] [13] [14] Solutions of Na [OH] can dissolve cellulose, but only below 4°C. [15] [16] Conversely, several tetraalkylammonium (and much more recently, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 at room temperature. [17] [18] [19] [20] [21] Dissolution with tetrabutylammonium hydroxide has been demonstrated to occur down to a molecular level, whereas 'solutions' of cellulose in Na [OH] still contain aggregates of cellulose chains. 17, 21 Tetramethylammonium hydroxide ([N 1111 ][OH]), while unable to dissolve cellulose, has been reported to be a far superior cellulose swelling agent compared to Na [OH] . [22] [23] . The superior performance of tetraalkylammonium hydroxide solutions for both cellulose swelling and dissolution is likely related to amphiphilic and hydrophobic interactions between the cellulose and the cation. [24] [25] Unfortunately, comparative studies of lignocellulosic biomass processing with different cations are relatively rare, despite the expected difference in interactions with lignocellulosic components. Rice husks and straw have been pre-treated in various studies prior to down-stream enzymatic processes using just one cation, e.g. downstream enzymatic saccharification has also been reported. 36 From these various 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 studies, performed with very different conditions, no meaningful trend can be extrapolated beyond the fact that cations can clearly have an effect.
We have therefore compared the performance of aqueous hydroxide solutions as biomass pre-treatment media (at room temperature), while systematically varying the cation. The hydroxide cation was lithium, potassium, caesium or a tetraalkylammonium cation, where alkyl = methyl, ethyl, propyl, butyl or hexyl; all alkyl chains were the linear (n-)
isomer. Whole rice husks were pre-treated, with the effectiveness judged by downstream enzymatic hydrolysis with cellulase. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   6 Cellulose solubility in aqueous tetraalkylammonium hydroxide solutions has been reported to be temperature-dependent, 19 and sensitive to alkali metal contaminants. 18 All experiments were performed at ambient temperature in a temperature-controlled 
Experimental Cellulose solubility in hydroxide solutions

Silica solubility
Silica gel (40-63 µm, Grace Davison Discovery Sciences) solubility was determined exactly as reported elsewhere.
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Lignin solubility
Alkaline lignin (Tokyo Chemical Industry Co., Ltd) was added to 5 mL hydroxide solutions of the desired H 2 O:[OH] -ratio, where it rapidly dissolved to form a black solution. The addition of lignin was continued until either the solution became too viscous to be stirred (at ambient temperature), or undissolved powder remained after 24 h (confirmed optically using a microscope). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Pretreatment of rice husks and downstream handling
The rice husks were pretreated (as described below) and then isolated and either analysed or subjected to enzymatic hydrolysis. Whole rice husks (SunRice, Australia, from Oryza sativa) were used as received, with no prior drying, washing, grinding or sieving. The airequilibrated rice husks contained ca. 10 wt% water.
Pre-treatment was carried out using 2 wt% rice husk, typically 0.1 g of rice husk in 5 mL hydroxide solution. The ca. 8 mm long by 2 mm wide rice husks were stirred in the relevant solutions for 72 h at room temperature.
Prior to enzymatic hydrolysis, 50 mL of anti-solvent (either water or methanol, as noted in the text) was added to precipitate dissolved materials such as cellulose. This mixture was stirred for 20 mins, then filtered through a 10 µm nylon Millipore filter. The solid residue obtained were either (i) taken immediately for enzymatic hydrolysis, or (ii) dried, weighed and analysed for lignin and silica content.
The effect of the different cations and the H 2 O:[OH]
-ratio upon the bulk structure of the rice husk was also evaluated. After stirring in the hydroxide solution, the mixture filtered through a ceramic filter (pore diameter 0.56 mm) to recover "bulk residue" (material still >0.56 mm). The amount of remaining solid residue larger than 0.56 mm was used to evaluate the extent of bulk rice husk structure disruption. The filtrate was centrifuged (5000 rpm, 1 min) to separate all remaining solid residue (<<0.56 mm) from the dissolved material, which was identified as "digested residue". 
Kinetics of lignin extraction
To measure the kinetics of lignin extraction from rice husks, hydroxide solutions with a
-ratio of 45:1 were prepared. The UV-Vis spectra of 3 mL of these solutions were recorded as background spectra in 10 mm path length quartz cuvettes. Then 7.5 mg of rice husks (ca. 3 rice husks) were added to this solution and stirred at 1200 rpm. The spectra were recorded over a 24 h period to monitor how much lignin was extracted. 
Acid hydrolysis for lignin content determination
Acid hydrolysis was performed following guidelines suggested by NREL, 40 while using previously reported modifications for the high ash content common to rice husks.
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Thermogravimetric analysis (TGA) for ash content determination
All thermogravimetric (TGA) analysis to determine the silica-rich ash content was performed as reported elsewhere.
Results and discussion Commercial microcrystalline cellulose powder (Avicell) was used as the cellulose model compound. This is extremely widely employed as a model compound for lignocellulosic cellulose. 44 However, it should be noted that the average degree of polymerisation in Avicell (ca. 200) is much shorter than cellulose found in lignocellulosic biomass (ca. 1,000 -5,000), 45 which could have implications regarding dissolution kinetics, overall solubility and the physicochemical properties of the resulting solution. As shown in Figure 1 , cellulose was found to be insoluble at 20°C 20 The deviations between our work and a minority of other studies could be related to the high sensitivity of cellulose dissolution to contamination by alkali metal cations 18 and even the ambient temperature (lower temperatures being preferential 19 ). The temperature and alkali metal contents for our systems have therefore been included in the Experimental section.
Cellulose solubility was also evaluated as a function of the H 2 O:[cation][OH] ratio
( Figure S2 ). Significant cellulose solubility was only observed for a ratio of 22.5:1 or lower; solubility increased at 11.25:1, but lower ratios could not be achieved due to decomposition of the tetraalkylammonium cations. 5, 20 Overall, the cellulose solubility in tetraalkylammonium hydroxide with a ratio of 11.25:1 was generally higher than it was at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 extended duration allowed evaluation of cation effects upon the overall pre-treatment effectiveness, separate from kinetic aspects (which were investigated later). Following addition of a suitable anti-solvent, solids were recovered, analysed and subjected to enzymatic hydrolysis (full details in Experimental Section).
Both methanol and water were investigated as anti-solvents. Methanol encouraged aggregation of the residue and solid-liquid separation (via filtration) was rapid and facile.
When water was employed as an anti-solvent the filtration was significantly slower, but the use of water is more desirable from a sustainability perspective. The glucose yields from the pre-treated material are summarised in ), the glucose yield dropped, (iv) the glucose yield was insensitive to whether the pre-treated rice husks were washed with water or methanol prior to enzymatic hydrolysis.
The water vs methanol difference can be easily rationalised by solubility differences.
The tetraalkylammonium hydroxides investigated are highly soluble in both water and methanol, whereas the alkali metal hydroxides are sparingly soluble in methanol, with lithium hydroxide being the least soluble. Evaluation of the enzymatic broth confirmed that when methanol washing was employed, sufficient quantities of alkali metal hydroxide were transferred into the broth to change the pH and inhibit the activity of the cellulase enzymes.
While the exact hydrated cation radii are unknown in our investigated systems, the radii for more dilute aqueous systems have been compiled. 54 These radius values are summarised in Table S1 , and the glucose yield plotted against the radii in Figure S3 ; this shows a clear trend with the optimal radius corresponding to that of lithium, with larger or smaller hydrated cation radii corresponding to lower glucose yields. Effect of pre-treatment by hydroxides upon the bulk structure of the rice husks
Generally, biomass pre-treatment studies employ drying, grinding and sieving steps.
However, this is extremely energy-intensive, and therefore this study has investigated whole (as-supplied) rice husks, in order to see if these steps can be by-passed. In order to investigate the effect of pre-treatment upon the bulk structure, the ca. 8 mm by 2 mm cylindrical rice husks were pre-treated (as described above) then filtered using a pore size of 0.56 mm. Anything that did not pass through the filter was classed as 'bulk residue'. Figure S4 plots actually increased the quantity of bulk, residual material.
Undissolved material in the filtrate was centrifuged and washed to obtain a 'digested residue'. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 while the denser tips (pedicel and awn 5 ) were thinned and cracked but otherwise largely intact (Figure 3(b) were present (i.e. zero 'bulk residue') and microscopic evaluation of the 'digested residue' (Figure 3(c) ) confirmed it was composed entirely of an extremely fine mixture of undissolved holocellulosic material. the non-cellulosic components, and therefore rice husk structure disruption was much more significant. This more significant bulk-structure disruption qualitatively correlates with the higher glucose yield obtained from enzymatic hydrolysis of pre-treated rice husk.
Extent of silica and lignin removal
The lignin and silica present in the rice husks prevent enzymatic degradation of the cellulose by acting as a physical barrier, and by physisorbing the enzymes. [8] [9] [56] [57] Silica is the main component on the rice husk surface, acting as an external armour and blocking the other components from reacting with the external environment. 
Rate of lignin extraction
All rice husk pre-treatment was performed for 72 h in order to exclude kinetic effects.
However, it was noted that different [cation][OH] solutions darkened at different rates.
Therefore, the kinetics of lignin extraction over the first 24 h was evaluated by stirring 0.25 wt% rice husks in a cuvette and monitoring in situ using UV-Vis spectroscopy. Figure 4 (a) displays typical spectra recorded for this process, demonstrating the growth of the expected lignin features at 300 nm and 334 nm. Figure 4( Table S1 summarises both these absorbance values and the reported radius of the hydrated cations. These have been plotted in Figure S6 , and a clear linear trend can be observed according to the size of cation, with a smaller hydrated radius correlating with more rapid lignin removal. There is also a qualitative similarity between the trend in Figure 2 (glucose yield after pre-treatment) and is a notable outlier here. 
Evaluation of factors that can affect cellulase hydrolysis
The above results demonstrate relatively similar lignin and silica removal processes (as hydroxide-dominated processes) but cation-dependant destruction of the macro-structure, and lignin extraction kinetics. Possible cation-dependant effects upon the downstream enzymatic hydrolysis process were also investigated.
The hydrolysis of amorphous cellulose was investigated using cellulase in ca. The pH is an extremely influential parameter for cellulase enzymes, with a pH of 4.8 typically optimal. 59 Therefore, studies were performed as a function of cellulose content, degree of washing post-treatment, and the pH during extended hydrolysis. significantly increased for pre-treatment of the rice husk, but dropped to zero for pure cellulose ( Figure 5(b) ). This was found to be due to significant changes in the pH of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 60 respectively. The encapsulated material can therefore be progressively released during enzymatic hydrolysis, potentially in sufficient quantities to inhibit further digestion of the cellulose material.
Discussion
As noted at the outset, the cation is a strong determining factor in the ability of waterdeficient (or partially hydrated) hydroxide electrolytes to dissolve cellulose (cf. Figures 1, S2 ).
The cation also has a significant effect upon biomass disruption (cf. Figures 3, S4, S5 ) and ultimately the enzymatic hydrolysis yield (cf. Figures 2, S3 ), but these positive outcomes are inversely correlated with an ability to dissolve biomass. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   25 and swelling of the cellulose macrofibrils. Importantly, the degree of splitting of macrofibrils by hydroxide solutions has been reported 61 All strongly alkaline solutions are hazardous to human health, by virtue of their corrosive nature. 37 Considering possible downstream fates of the cations, alkali metal cations are omnipresent in the environment. Conversely, tetrabutylammonium is foreign to the environment and there is no evidence that it undergoes any biodegradation under standard conditions. 63 The tetramethylammonium cation is endemic to nature, but is also a ganglionic blocker, making tetramethylammonium hydroxide lethally toxic to humans in high enough doses. 37 Given the relatively greater abundance, relatively lower toxicity, sustainability and economic advantages inherent in the alkali metal systems, these appear to be much more viable pre-treatment media than tetralkylammonium-based hydroxide
systems. An ability to dissolve cellulose is actually detrimental (in the conditions employed in this study). However, the complete dissolution of biomass is still desirable for alternative goals, such as the complete extraction of value-added molecules from a lignocellulosic matrix.
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Conclusions
Lignocellulosic biomass is extremely robust against enzymatic attack, such as hydrolysis in a cellulase enzymatic broth to form glucose; pre-treatment is required to facilitate this enzymatic process. After investigating eight different [cation] [OH] systems, we have identified a significant cation effect upon pre-treatment effectiveness (as judged by enzymatic hydrolysis). Four of the eight solutions were able to dissolve significant quantities of cellulose, but this ability was generally detrimental with respect to the final glucose yield. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 28
The tetraalkylammonium hydroxide systems that were able to dissolve cellulose have 'surface active' (surfactant-like) cations, which were relatively difficult to remove from the pre-treated biomass surface. In particular, the tetraalkylammonium hydroxide systems most effective at dissolving cellulose were virtually impossible to remove from the cellulose, given that they are trapped inside the treated biomass when solvent conditions are changed.
Therefore, when biomass disruption is intended, minimal washing is desired and enzymatic hydrolysis is the end goal, cellulose-dissolving hydroxide solutions are not appropriate.
Lithium and tetramethylammonium hydroxide were most effective, but the latter is highly toxic. This allows us to conclude that in such situations, conventional alkali metal hydroxide solutions such as lithium hydroxide are expected to be superior in terms of effectiveness as well as cost, availability, toxicity and stability. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43 This Supporting Information contains 1 Table and 7 Figures, over 9 pages (pages S1 to S9). Table S1 ). This appears to indicate a clear optimum size for the cation radius, although it must be emphasised that the hydration state of the cations in these relatively concentrated solutions
Contents:
are not yet known. These correspond visually to the numerical values presented in Figure S3 . As can be clearly seen, as the quantity of water in the system decreased, the ability of the aqueous hydroxide system to deconstruct the rice husks increased. No rice husk pieces of significant size remained after pre-treatment, and the filtrate was composed of a solution of lignin and silica, and a suspension of undissolved, micron-sized holocellulose particles. 
